An analysis is given of the chromoelectric dipole moment of quarks and of the neutron in an MSSM extension where the matter sector contains an extra vectorlike generation of quarks and mirror quarks. The analysis includes contributions to the CEDM from the exchange of the W and the Z bosons, from the exchange of charginos and neutralinos and the gluino. Their contribution to the EDM of quarks is investigated. The interference between the MSSM sector and the new sector with vectorlike quarks is investigated. It is shown that inclusion of the vectorlike quarks can modify the quark EDMs in a significant way. Further, this interference also provides a probe of the vectorlike quark sector. These results are of interest as in the future measurements on the neutron EDM could see an improvement up to two orders of magnitude over the current experimental limits and provide an instrument for a further probe of new physics beyond the standard model.
Introduction
New sources of CP violation beyond those that exist in the Standard Model are needed to explain baryogenesis and are also worthy of study in their own right as possible probes of beyond the standard model physics (for reviews see e.g., [1, 2, 3, 4] ). Such sources can also induce electric dipole moment in elementary particles which can be significantly larger than those expected in the standard model [1, 2] . In this work we are specifically interested in the electric dipole moment (EDM) of the quarks arising from the chromoelectric dipole operator. Thus the electroweak sector of the standard model produces an EDM which is 10 −30 ecm [5, 6, 7] and it lies beyond the possibility of its observation in the foreseeable future. As mentioned in particle physics models beyond the standard model it is possible to generate much larger values for the EDM. In this work we focus on one such model -an extension of the minimal supersymmetric standard model (MSSM) with a vectorlike multiplet [8] . Such an extension is anomaly free and thus the nice quantum properties of MSSM are maintained. Further, vectorlike multiplets arise in a variety of settings such as in grand unified models and in string and D brane models [8, 10, 11] . Vectorlike generations have been considered by several authors since their discovery would constitute new physics (see, e.g., [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] ). Such models have new sources of CP violation and thus can generate substantial size dipole operators. For that reason they are interesting models to consider in the context of lepton and quark EDMs. In a recent work we analyzed the electric dipole operator in such a setting [23] and in this work we analyze the chromoelectric dipole operator in the extended MSSM model and its contribution to the electric dipole moments.
Before discussing the EDM in the new class of models, it is relevant to recall the situation regarding the lepton and quark EDMs in MSSM. Here it is well known that MSSM has a SUSY CP problem, i.e., that the EDM predicted with SUSY phases O(1) are typically in excess of the experimental upper limits. A number of remedies have been offered in the past to remedy this problem. These include a fine tuning of the phases to be small [24] , suppression of the EDM by large sparticle masses [25] , suppression of the EDM where various contributions conspire to cancel, i.e., the cancellation mechanism [26, 27] as well as other possible remedies (see, e.g., [28] ). It has also been suggested that the EDM be used as a probe of new physics beyond the standard model [29, 30, 31, 18, 32] . Specifically the experimental limits on the EDMs can be used as vehicles to probe a new physics regime not accessible otherwise to current and future detectors.
The outline of the rest of the paper is as follows: In section 2 we give a brief description of the model and describe the nature of mixing between the vector generation and the standard three generations of quarks. In section 3.1 we discuss the loop contributions to the chromoelectric dipole moment of the up quark and the down quark that arise from the exchange of the W boson in the loop. In section 3.2 we give an analysis similar to that of section 3.1 for the exchange of the Z boson. In section 3.3 we compute the contribution from the exchange of charginos in the loop and in section 3.4 a similar analysis for the exchange of neutralinos in the loop is given. Finally in section 3.5 we give the analysis for the exchange of the gluino in the loop. In section 4 we discuss the method for the computation of the neutron dipole moment using the quark dipole moments. In section 5 we give a detailed numerical analysis of the contributions to the quark CEDM and to the neutron CEDM for a variety of parameter points in the extended MSSM model. Here we also discuss the use of the neutron EDM as a probe of high mass scales. Conclusions are given in section 6 . Further details of the calculational aspects of the analysis are given in sections (7-9).
The Model
Here we briefly describe the model and further details are given in the appendix. The model we consider is an extension of MSSM with an additional vectorlike multiplet. Like MSSM the vectorlike extension is free of anomalies and as discussed in section 1 vectorlike multiplets appear in a variety of settings which include grand unified models, string and D brane models. Here we focus on the quark sector where the vectorlike multiplet consists of a fourth generation of quarks and their mirror quarks. Thus the quark sector of the extended MSSM model is given by Eq. (1) and Eq. (2) where,
The numbers in the braces show the properties under
Y where the first two entries label the representations for SU (3) C and SU (2) L and the last one gives the value of the hypercharge normalized so that Q = T 3 + Y . We allow the mixing of the vectorlike generation with the first three generations. Specifically we will focus on the mixings of the mirrors in the vectorlike generation with the first three generations. Details of these mixings are given in Eq. (43). Here we display some relevant features. In the up quark sector we choose a basis as follows
and we write the mass term so that
The interaction of Eq. (43) lead to the up-quark mass matrix M u which is given by
This mass matrix is not hermitian and a bi-unitary transformation is needed to diagonalize it. Thus one has
Under the bi-unitary transformations the basis vectors transform so that
A similar analysis can be carried out for the down quarks. Here we choose the basis set
In this basis the down quark mass terms are given by
where using the interactions of Eq. (43), M d has the following form
In general h 3 , h 4 , h 5 , h 3 , h 4 , h 5 , h 3 , h 4 , h 5 , h 6 , h 7 , h 8 can be complex and we define their phases so that
The squark sector of the model contains a variety of terms including F -type, D-type and SUSY soft breaking terms. The details of these contributions to squark mass square matrices are discussed in section 7.
The analysis of Chromoelectric Dipole Moment Operator
The chromoelectric dipole momentd C is the coefficient of the effective dimension 5 operator which is defined by
where G µνa is the gluon field strength and T a are the SU (3) generators. The quarks will have five different contributions to the CEDM arising from the W, Z, gluino, chargino and neutralino exchanges. We denote these contributions byd
. We discuss each of these contributions below.
W exchange contribution to quark CEDM
For the up quark the W-exchange contribution arises from the left diagram of Fig. (1) using the interaction of Eq. (13), i.e., 
where I 1 (r 1 , r 2 ) is a form factor given by
In the limit when r 2 is very small as the case here, this integral gives the closed form
The W contribution to the down quark CEDM is given bỹ
Z exchange contribution to quark CEDM
For the Z boson exchange the interactions that enter with the up type quarks are given by
where the couplings C uZ L and C uZ R are defined in section 8. Using this interaction the computation of the Z exchange contributions to the up quarks is given by the loop diagram to the right in Fig. (1) . Its contribution is
For the Z boson exchange, the interactions that enter with the down type quarks are given by
where the couplings C dZ L and C dZ R are as defined in section 8. A calculation similar to that of the up quark CDEM gives a contribution to the d-quark moment so that
Chargino exchange contribution to CEDM
In this section we discuss the interactions in the mass diagonal basis involving squarks, charginos and quarks. Thus we have
and 
where I 3 (r 1 , r 2 ) is given by
In the limit when r 2 is very small as is the case here we have the closed form
Neutralino exchange contribution to CEDM
We now discuss the interactions in the mass diagonal basis involving up quarks, up squarks and neutralinos. Thus we have,
The interaction of the down quarks, down squarks and neutralinos is given by
where the couplings C L and C R as given in section 8. Using the interactions of Eq. (28) the neutralino exchange contribution to the CEDM of the up-quark is given bỹ
Similarly using the interactions of Eq. (29) the CEDM of the down quark is given bỹ
3.5 Gluino exchange contribution to CEDM
where the couplings C L lm and C R lm are defined in section 8. Using Eq. (32) the gluino exchange contribution to the up quark CEDM arising from the loop diagrams of Fig. 3 is given byd
Similarly using Eq. (32) the gluino contribution to the down quark CEDM is given bỹ
Here K Lqm and K Rqm are given by 
and
where I 5 (r 1 , r 2 ) is the loop function defined by
In the limit where r 2 is very small as is the case here we get the closed form
The neutron CEDM
As discussed in the previous section, the total contribution to CEDM of the quarks consists of five contributions arising from the exchange of the W, the Z, the charginos, the neutralinos, and the gluino, so that
The contribution of the chromoelectric operator to the EDMs of quarks can be computed using dimensional analysis [34] . The contribution to the quark EDM arising fromd C q is given by
where η C is approximately equal to 3.4. The factor η C brings the electric dipole moment from the electroweak scale down to the hadronic scale where it can be compared with experiment.
To obtain the contribution to the neutron EDM from the quark EDM, we use the nonrelativistic SU (6) quark model which gives
5 Numerical analysis of neutron EDM
The current experimental limit on the EDM of the neutron is [35] 
It is expected that a higher sensitivity by as much as two orders of magnitude more sensitive than the current limit may be achievable in the future [36] .
We present now a numerical analysis of the neutron CEDM first for the case of MSSM and next for the MSSM extension. The first analysis involves no mixing with the mirror generation and with the fourth sequential generation and the only CP phases that appear are those from the MSSM sector. Thus in this case all the mixing parameters, given in Eq. (11), are set to zero. The second analysis is for the MSSM extension where the mixings of the mirror generation and of the fourth sequential generation with the three generations are switched on. The results are given in Table 2 and Figs. 4-11. In the analysis, in the squark sector we assume m Table 1 : An exhibition of the chargino, neutralino and gluino exchange contributions to the quark and the neutron EDM, CEDM and their sum for the case when there is no mixing of the vectorlike generation with the three generations. The analysis is for two benchmark points (i) and (ii). Benchmark (i):
All masses are in GeV, all phases in rad and the electric dipole moment in ecm.
We discuss now in further detail the cases without and with mixing with the vectorlike generation. We begin with the case with no mixing. In table 1, we give the individual contributions to the up and down quark EDM and CEDM, namely, the chargino, the neutralino and the gluino contributions. The W and Z contributions are not shown since they are absent in this case of no mixing with the vectorlike generation and the fourth sequential generation.
The different contributions are given for two benchmark points (i) and (ii), where in the first, the neutron EDM dominates the neutron CEDM and in the second, the opposite is the case. The chargino and gluino contributions are the main contributors, while the neutralino contribution is suppressed. Note that the total neutron EDM, |d n |, obtained by adding d −1 , |h 6 | = 1000, |h 7 | = 1000, |h 8 | = 1000,
Next we consider the case with mixings. The results are presented in table 2 for two benchmark points (i) and (ii). Here in addition to the chargino, the neutralino and the gluino exchanges one also has W and Z exchanges. The analysis shows the dominance of the EDM over the CEDM for benchmark (i) while opposite is the case for benchmark (ii). The total EDM for each benchmark point satisfies the experimental constraints of Eq. (42). Here we note that the EDM and CEDM are constrained not only by the experimental limits on the MSSM spectrum, but also by the limits on new quarks. Thus for the benchmarks presented in Table 2 , the vectorlike quarks have masses gotten by diagonalization of the matrices of Eq. (5) and Eq. (10) and are given in Table 3 . The results of Table 3 are consistent with [37] .
More stringent constraints on these masses will be available at the LHC RUN-II. 
Mirror Up Quark
14, χ 3 = 2.38, χ 3 = 4.92, χ 3 = 2.58, χ 4 = 4.86, χ 4 = 1.6, χ 4 = 1.37, χ 5 = 1.14, χ 5 = 4.39, χ 5 = 2.38, χ 6 = 4.92, χ 7 = 2.58, χ 8 = 4.86. All masses are in GeV and phases in rad.
Next we give an analysis of the quark CEDMs dependence on the mass scales as well as on the CP phases both in the MSSM sector as well as the new sector. Thus the CEDM depends on the mass scale of the vectorlike sector and in the MSSM sector it depends on the universal scalar mass m 0 , and on the gaugino mass scales. Further, it has dependence on several CP phases both from the MSSM sector as well as from the vectorlike sector. We discuss the dependence of the CEDM on the mass scales first, and specifically on the mass scales M X (from the vectorlike sector) and on m 0 and on m g . In Fig. 4 we investigated the dependence of CEDM on the vectorlike mass M X and found that there is a very significant dependence of the CEDM on M X . It is of interest also to examine if the EDM shows a similar dependence on M X . In Fig. 6 we exhibit this dependence where |d E n | is plotted against M X for the same set of m 0 values as in Fig. 4 . Again as in the case of CEDM we find that EDM also has a sensitive dependence on M X . We note here that the analysis of this work for EDM is more general than the analysis of [23] . Thus in [23] 
. All masses are in GeV and phases in rad.
we considered only the mixings of the three generations with the mirror generation so that the quark matrices were 4 × 4 and the squark square matrices were 8 × 8 and the parameter M X did not appear in that work. On the other hand, in this work we are considering mixing of the three generations with the full vectorlike generation consisting of the mirror and the sequential fourth generation. As a consequence the quark mass matrices are 5 × 5 and the squark mass squared matrices are 10 × 10 and this time we have also the dependence on the vectorlike mass M X . Thus the analysis of this work is more general than of the work of [23] . 
. All masses are in GeV and phases in rad. Gluino Mass, mg (TeV) Next we study the dependence of the CEDM on the gluino mass. This is given in Figs. 7 and 8. Thus in Fig. 7 , the variation of the neutron CEDM, d GUT constraints, the masses of the chargino and the gluino can be treated as independent parameters and thus as we increase the gluino mass, the chargino contribution remains unchanged and eventually dominates as the gluino mass gets large and makes the CEDM negative for m g > 20 TeV. We note here in passing that the W and Z contributions in this region of the parameter space are negligible compared to the other exchange contributions. 
−3 , χ 6 = χ 7 = χ 8 = 5 × 10 −3 . All masses are in GeV and phases in rad.
As discussed already, it is of interest to study the dependence of CEDM on the CP phases in the MSSM sector as well as in the new sector. Fig. 9 shows the variation of the neutron CEDM versus θ µ , the phase of µ. The CP phases are the source of the CEDM and the sensitivity that the CEDM shows in response to the variation of θ µ is obvious. The parameter µ appears in the chargino and the neutralino mass matrices. It exists also in the squark mass squared matrices, so one can see that the chargino, the neutralino and the gluino contributions are affected by this parameter and its phase. The electroweak contributions, i.e, W and Z components are independent of the magnitude and the phase of µ. Values of |d C n | below the current upper limit can be obtained for several values of tan β, whereas values above the limit appear for larger tan β. 
Next we investigate the dependence of CEDM on χ 6 which explores a new sector of the theory as it is the CP phase that arises in interactions involving the mirror quarks and the fourth generation quarks. An analysis of the dependence of CEDM on χ 6 is exhibited in Fig. 10 . Aside from h 6 , other mass parameters that arise because of the new sector are h 7 and h 8 . The dependence of the CEDM on |h 8 | is also exhibited in Fig. 10 . Quite remarkably CEDM is sensitive to both the mass scale and the phase that enters in the new sector. 
Finally, it is of interest to look at the total electric dipole moment obtained by adding the electric and the chromoelectric dipole moments. Fig. 11 shows the variation of the EDM, the CEDM and the total EDM against the gluino phase, ξ 3 . The analysis of Fig. 11 shows that while the EDM may dominate the CEDM for some values of ξ 3 the opposite may happen for a different range of ξ 3 . The analysis also suggests constructive interference between EDM and CEDM in some parts of the parameter space while there is destructive interferences in other parts (i.e., for 0 < ξ 3 < π) leading to the cancellations mechanism [26, 27] .
Conclusion
In this work we have given an analysis of the chromoelectric dipole moment of quarks and of the neutron arising in an extension of MSSM where there is an additional vectorlike generation of quarks in the matter sector. Such an extension brings in new sources of CP violation which can contribute to the chromoelectric dipole moment of quarks. The work presented here consists of analytical results on five different types of contributions to the chromoelectric dipole moments of quarks which include both non-supersymmetric as well as supersymmetric loop contributions. In the non-supersymmetric sector we have contributions arising from the exchanges of the W and Z bosons in the loops, while in the supersymmetric sector we have exchanges involving charginos, neutralinos and the gluino in the loop. We have also carried out a detailed numerical analysis of their relative contributions. Specifically it is found that there exists strong interference effects between the MSSM sector and the vectorlike quark sector which can drastically change both the sign and the magnitude of quark EDMs. We have also investigated the possibility that the neutron EDM can be used as probe of the TeV scale physics. These results are of import as future experiment can improve the current limits up to two orders of magnitude and thus the quark EDMs provide an important window to new physics beyond the standard model. Acknowledgments: PN's research is supported in part by the NSF grant PHY-1314774.
Appendix A: Squark mass matrices
In this Appendix we give further details of the model discussed in section 2. As discussed in section 2 we allow for mixing between the vector generation and specifically the mirrors and the standard three generations of quarks. We also allow for mixing between the mirror generation and the fourth sequential generation assuming R parity conservation (for a recent review of R parity see [33] ). The superpotential allowing such mixings is given by
Here the couplings are in general complex. Thus, for example, µ is the complex Higgs mixing parameter so that µ = |µ|e iθµ . The mass terms for the ups, mirror ups, downs and mirror downs arise from the term
where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the electroweak symmetry, (
, we have the following set of mass terms written in the four-component spinor notation so that
where the basis vectors are defined in Eq. (3) and Eq. (8).
Next we consider the mixing of the down squarks and the charged mirror sdowns. The mass squared matrix of the sdown -mirror sdown comes from three sources: the F term, the D term of the potential and the soft SUSY breaking terms. Using the superpotential of the mass terms arising from it after the breaking of the electroweak symmetry are given by the
where L F is deduced from
Ls * L − 2 3s
For L soft we assume the following form
Here M1 L , MT , etc are the soft masses and A t , A b , etc are the trilinear couplings. The trilinear couplings are complex and we define their phases so that
From these terms we construct the scalar mass squared matrices. Thus we define the scalar The couplings that enter in the W -quark -squark interactions of Eq. (13) are defined so that
Z-quark -quark couplings
The couplings that enter in the Z -up-quark interactions of Eq. (18) are defined so that
where
The couplings that enter in the Z-down-quark interactions of Eq. (20) are defined so that
Chargino-quark-squark couplings
The couplings that enter in the chargino-up-quark-down-squark interactions of Eq. (23) are given by
The couplings that enter in the chargino-down-quark-up-squark interactions of Eq. (22) are given by
where 
Similarly for the couplings that enter the the interactions in the mass diagonal basis involving down quarks, down squarks and neutralinos of Eq. (29) 
Here X are defined by X 1i = X 1i cos θ W + X 2i sin θ W (83)
where X diagonalizes the neutralino mass matrix and is defined by 
